Introduction
The Dead Sea, a unique place on Earth, is located at approximately 415 m below sea level. This hypersaline terminal lake is 67 km long, up to 18 km wide, and 300m in depth at its deepest point [1, 2] . The Dead Sea lies within one of a series of basins aligned in a long (600 km) and narrow (10-20km) tectonic valley, which branches 50 northward from the trough of the Red Sea [3] . The Dead Sea is surrounded by the Judean Mountains to the west and by the Moab Mountains to the east (Fig. 1 ). This area is characterized by changeable meteorological conditions, particularly by unsteady winds blowing along or across the valley. The wind regime in the Dead Sea Basin is governed by the general synoptic systems, such as Mediterranean cyclones, and by local 55 factors, such as Mediterranean breezes and winds originating from topographic situations [4] . Hect and Gertman [5] found that strong winds greater than 10 m/s consisted of less than 1% of the wind observations at the Dead Sea. These winds were more prevalent in the winter than in the summer.
In the Dead Sea, solar radiation rapidly decreases with depth: at a depth of 2 m, 60 solar radiation is only 10% of its surface value [6] . Therefore, solar radiation heats mainly the 2-m uppermost layer of the Dead Sea. Infrared and microwave radiation is completely absorbed in the thin skin layer down to 2 mm [7] .
Our knowledge of the thermal structure of the uppermost layer of the Dead Sea has been gained from measurements in situ [1, 5, 8, 9] , as well as from remote sensing 65 [10] . Despite the fact that solar radiation penetrates down to 2 m depth, temperature diurnal variations in the Dead Sea were observed at greater depths [10] . Near-surface temperature gradients of the air-sea interface result from three different processes: (1) absorption of solar radiation in the first meters, (2) heat loss to the atmosphere by evaporation and by emission of thermal radiation from the top millimeter of the sea, and 70 (3) subsurface turbulent mixing [7] .
The Dead Sea is one of the world's saltiest bodies of water: the salinity can reach 235 g/kg [1] . Since the early 1980s, the Dead Sea has been halite supersaturated [11, 12] . Massive amounts of halite precipitate as halite crystals causing changes in the chemical composition of the Dead Sea water [12, 13] . Arnon et al. [14] discussed the 75 salt-fingering convection in the Dead Sea at a depth of approximately 25 m, where the basic conditions for salt-fingering occurred. This salt-fingering at the depth of ~25 m led to halite precipitation.
In the current study, we focused on observational evidence of a phenomenon of short-term (~1 hour) water heating in the uppermost layer of the Dead Sea after a sharp 80 drop in solar radiation under weak winds. The heating occurred after the passage of an intensive Mediterranean cyclone with its frontal system over the Judean Mts. and over the Dead Sea on March 22, 2013. This passage was accompanied by clouds mixed with significant dust pollution and a foehn-like phenomenon over the Dead Sea valley. To our knowledge, such a phenomenon of short-term heating in the uppermost layer of the 85 Dead Sea, following a sharp decrease in surface solar radiation, has not been discussed in previous publications.
This study was carried out in the framework of the DESERVE (DEad SEa Research Venue) project started in 2013 (www.deserve-vi.net). This project aims at studying coupled lithospheric, hydrological, and atmospheric processes in the Dead Sea 90 region. 
Method
To study the effect of a sharp decrease in solar radiation on Dead Sea water heating, we used available meteorological and hydrographic measurements from a 95 hydrometeorological buoy, anchored in the Dead Sea, and from three meteorological stations in Israel (Fig. 1) (Fig. 3a) . It created favourable conditions for dust uplifting from the Eastern Sahara and transport by south-west winds into the Eastern Mediterranean (Fig. 3c) . Then, this Cyprus low with its frontal system shifted eastward, followed by increasing strong southwesterly to westerly winds over Israel. At 120 12 UTC, this low-pressure system was characterized by sea level pressure below 995 hPa at its centre near Cyprus (Fig. 3b) . The passage of the Cyprus low with its frontal system over Israel toward the Dead Sea valley was accompanied by a large amount of dust pollution (Fig. 3d) and by significant cloudiness observed from space by the MODIS spectroradiometer on board the NASA Aqua satellite (Fig. 3e) . (Fig. 5) . At the Dead Sea, buoy measurements showed that the air temperature was not sensitive at all to this sharp decrease in solar radiation (Fig. 5 ). Note that, over the Dead Sea, the sharp decrease in solar radiation took place under weak winds with speed of less than 3 m s -1 (Fig. 6) . Therefore, the buoy measurements provide us with observational evidence that, (Fig. 5) . This increase 170 in air temperature was accompanied by a decrease in relative humidity from 38% to 20%. This decrease in relative humidity in the bottom of the valley, accompanied by the increase in air temperature, is a characteristic feature of the foehn phenomenon produced by strong west winds blowing across the Judean Maintains [16] . Concurrently, an increase in air temperature was observed in Ein-Gedi, near the Dead Sea shoreline 175 (Fig. 5) . The appearance of this hot, dry air was accompanied by strong western foehn winds blowing along the lee side of the Judean Mts. [16] . Buoy measurements showed that winds significantly increased from 2.5 m s -1 (wind gusts up to 3 m s -1 ) at 11 UTC to 11 m s -1 (wind gust up to 20 m s -1 ) at 12:40 UTC (Fig. 6 ).
Buoy measurements of water temperature after the sharp

decrease in solar radiation
On March 22, after sunrise and until the drop in solar radiation, the water temperature at a depth of 1 m was noticeably higher than that at a depth of 2 m, based on buoy measurements (Fig. 7) . This took place under observed weak winds of approximately 2.5 m/s (Fig. 6) . Therefore, the aforementioned temperature stratification in the 185 presence of solar radiation is evidence that these weak winds were incapable of producing significant mixing in the 2-m uppermost layer. After the dramatic drop in noon solar radiation, buoy measurements unexpectedly showed an increase in water temperature at 1m depth (Tw1) from 24. Buoy measurements showed that, after the drop in solar radiation, the temperature rise at the layers deeper than 2 m was also observed, although it was less pronounced than that above 2 m (Fig. 7) . The heat transfer to deep layers occurred with 205 a delay in time at each stage: the time delay in the maximum temperature with increasing depth is clearly seen in the buoy data. (Fig. 7) . By 24 UTC, the water temperature equalized in all layers down to 14 m. 220
As mentioned in Section 2, water temperature was measured by the Dead Sea buoy with an accuracy of 0. 
Plausible mechanism of formation of pronounced heating in the top layer of the Dead Sea
The pronounced temperature rise in the 2-m uppermost layer of the Dead Sea, on 22 235
March 2013, cannot be explained by mechanical water mixing under the observed weak winds of less than 2.5 m/s (Fig. 6 ). This is because of the simultaneous temperature rise at the depth of 1 m and 2m during the two-hour period from 9:40 UTC to 11:40 UTC (Fig. 7) . By contrast, the appearance of strong winds of up to 20 m/s after 11:40 UTC led to mechanical mixing and, consequently, to water temperature equalizing at the 240 depth of 1m and 2m. As an additional illustration, Fig. 6 represents the case of mechanical mixing, observed on 23 March 2013 under strong winds, when water temperature equalized at all depths in the uppermost layer of the Dead Sea.
Moreover, neither thermal conductivity nor horizontal advection of warm water could explain the observed phenomenon. Heating of seawater by thermal conductivity is 245 a slow process, which could be effective for some long-term phenomena such as weekly or monthly changes, but not for the short-term (1 hour) temperature rise observed on the specified day. Neither could horizontal advection of warm water explain the phenomenon under consideration. As shown in Figs. 9 a and b, on 22 March, from 7:40 UTC to the maximum in solar radiation at 9:40 UTC, there was no noticeable increase 250 in Tw1 and Tw2, despite the observed increase in solar radiation. Starting at 9:40 UTC on 22 March, under weak winds of less than 2.5 m/s, it is highly unlikely that the observed pronounced increase in Tw1 and Tw2 following the sharp drop in solar radiation was caused by some surge of warm water, which suddenly occurred and propagated to the depth of 2m and even deeper. It is even more unlikely that the heating 255 at a depth of 2m with the most pronounced temperature rate occurred with a 1-hour delay compared to that at a depth of 1m.
In the Dead Sea, solar radiation (SR) heats mainly the 2-m uppermost layer: at a depth of 0.5 m, SR is ~50% of its surface value; at a depth of 1 m, SR is ~30% of its surface value; and at a depth of 2 m, SR is only 10% of its surface value [6] . This 260 explains the observed temperature stratification at depths in the 2-m top layer of the Dead Sea, consequently, the gravitational stability in the presence of solar radiation took place (Fig. 7) .
We consider that the following plausible mechanism could explain the observed short-term heating in the uppermost layer of the Dead Sea, following the sharp drop in 265 noon solar radiation on the specified day under study. Let us consider the following two-layer structure in the Dead Sea: a thin surface layer, where evaporation takes place, with water density D1, and a similar thin layer below with water density D2. Following a sharp drop in solar radiation on 22 March, evaporation from the thin surface layer of the Dead Sea led to water cooling accompanied by an increase in water salinity in this 270 layer. As a result, the water density in this thin surface layer became higher than the density in the layer below D1 > D2. Thus, the drop in solar radiation caused conditions for gravitational instability in the thin surface layer. As a result of this instability, the warm dense surface water submerged, thereby increasing temperature in the layers below. 275
The above-mentioned mechanism is based on previous experimental and theoretical studies of gravitational instability in fresh water induced by evaporative cooling at the top surface. In particular, Spangenberg and Rowland [17] investigated this phenomenon in a series of experiments. They experimentally showed that, when an initially homogeneous layer of fluid is cooled at the top surface by evaporation, a cold 280 dense layer of fluid forms at this top surface. This top surface layer becomes unstable (because of its higher density than in the layer below) and plunges in vertical sheets.
Thus, the fluid suddenly begins to manifest convective behaviour [17] . Forster [18] theoretically analysed the results of the experiments conducted by Spangenberg and Rowland [17] . Spangenberg and Rowland showed that, when the convective circulation 285 (induced by gravitational instability) started, the Rayleigh number exceeded some critical value of the order 10 3 .
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In the case of the Dead Sea on 22 March 2013, after the sharp decrease in solar radiation, we also have a thin surface layer, which is cooled by evaporation (leading to an increase in density of this surface layer and, consequently, gravitational instability). 290
As estimated by Steinhorn [19] , the evaporation rate for the Dead Sea hypersaline water is approximately 40% higher than that for fresh water. Consequently, water cooling due to evaporation for the Dead Sea water is more intensive than that for fresh water.
Not only does water density in the Dead Sea surface layer increase due to cooling, but it also increases due to increasing salinity as a result of evaporation. Thus, 295 the formation of gravitational instability in the Dead Sea thin surface layer after the sharp drop in solar radiation is indeed plausible.
According to Stern [20] , in seawater, the molecular diffusivity of heat is two orders of magnitude higher than the diffusivity of salt. This means that, as a result of this low diffusivity of salt, the salinity of the submerging layer remains invariable 300 during the submergence process. This explains the submerging process of warm salt surface water within cooler water in the layers below.
In accordance with Stern [20] , laboratory experiments showed that the speed of descent 
Conclusions
In our study we present observational evidence of an unexpected short-term (1-hour) pronounced temperature rise in the uppermost layer of the Dead Sea under weak winds:
this followed a sharp drop in solar radiation due to clouds mixed with significant dust 320 pollution over the region on 22 March 2013. This evidence was based on Dead Sea buoy measurements. After the sharp drop in noon solar radiation, in the absence of water mixing, buoy measurements showed that the temperature rise in the uppermost layer took place for a much shorter time and was even more pronounced than the temperature rise under the full regular diurnal solar cycle. 325
We consider that the phenomenon of short-term heating in the uppermost layer of the Dead Sea can occur at times, but it usually remains unobserved. This is why this phenomenon has not been discussed so far in previous publications.
Specific meteorological conditions (caused the sharp drop in solar radiation on the date under study) and the temperature stratification in the uppermost layer of the 330 Dead Sea allowed us to detect this phenomenon of short-term heating. Under such conditions, in the absence of solar radiation, continuing strong evaporation caused an increase in water density in the thin surface layer due to cooling and increasing salinity.
This led to the gravitational instability in this surface layer caused the dense surface water to submerge. As a result of low diffusivity of salt, the salinity of the submerging 335 layer remained invariable during the submergence process. This explains the 15 submerging process of warm salt surface water within cooler water in the layers below and the pronounced heating in the 2-m uppermost layer of the Dead Sea.
To better understand the observed phenomenon of short-term heating, it would be essential to conduct further research in the Dead Sea and other hypersaline lakes 340 using observational, model and theoretical approaches. 
